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Lipid alterations in LLC-PK1 cells exposed to mercuric chloride. We
have studied the effects of HgC12 on the lipids of LLC-PK1 (pig kidney)
epithelial cells. Our results show that treatment of cells with HgC12
caused a rapid accumulation of unesterified fatty acids (particularly
arachidonic acid) and lysophospholipids. A 27-fold increase in unesteri-
fled arachidonic acid and a 17-fold increase in lysophosphatidylethano-
lamine (LPE) was accompanied by a 26% decline in the mass of
phosphatidylethanolamine as determined by gas chromatography and
lipid phosphorus assay. Similar changes were seen following HgCl2
treatment of cells whose lipids were labelled with '4C stearic acid, 3H
arachidonic acid, or '4C acetate, but the radiolabelling techniques also
identified an increased content of label in lysophosphatidylcholine
(LPC) and a corresponding decrease in phosphatidylcholine. These
alterations were accompanied by the formation of blebs on the plasma
membrane and irreversible injury as indicated by electron microscopy.
The possible role of unesterified fatty acids in the pathogenesis of injury
was studied by adding fatty acids to the cells. The addition of unsatur-
ated fatty acids (oleic, linoleic, or arachidonic acids) to the cells caused
plasma membrane blebbing and loss of viability. Similarly, the addition
of LPC or LPE to the cells resulted in cell death; however, plasma
membrane blebbing did not result.
The pathogenesis of irreversible cell injury remains poorly
understood. However, certain cellular organelles are particu-
larly vulnerable to injury including the mitochondria and the
plasma membrane. Damage to membranes caused by lipid
alterations may underlie the compromise of vital cellular func-
tions which results in irreversible injury [11. In this context, we
have studied the injurious effects of mercuric chloride in vitro
on a cultured renal epithelial cell line, LLC-PK1. Our results
show that mercuric chloride induces loss of cellular phospho-
lipids and the accumulation of unesterified fatty acids and
lysophospholipids. These changes are accompanied by morpho-
logical evidence for irreversible cell injury. It is suggested that
these lipid alterations may participate in the pathogenesis of
membrane damage and cell death in this model of cell injury.
Methods
LLC-PK1 cells (American Type Culture Collection) were
maintained in Dulbecco's modification of Eagle's medium with
10% calf serum (GIBCO, Grand Island, New York, USA).
Confluent cultures were exposed to 25 g/m1 of HgC12 in Hank's
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balanced salt solution (HBSS) pH 7.4 (GIBCO) for 5 mm at
room temperature, rinsed, and incubated at 37°C in an atmo-
sphere of 95% room air plus 5% CO2 for 10 or 30 mm without
HgC12. Alternatively, cells were exposed to 50 g/ml of HgCI2
continuously for 30 mm at 37°C.
Lipid extraction and separation
Experiments were terminated by adding methanol directly to
the culture dishes. Cell lipids were extracted using a procedure
modified from Bligh and Dyer [21 by acidification of the solvents
(0.02% acetic acid) and substitution of 2M KC1 for water.
Cholesterol, diglyceride, free fatty acid, and triglyceride were
separated on 0.25 mm silica gel G plates (Analtech) developed
in hexane:diethylether:acetic acid (40:60:1). The lipids were
identified by co-chromatography with known standards. Phos-
pholipids were separated by two-dimensional TLC using 0.25
mm silica gel H plates with 10% magnesium acetate (Supelco,
Redi-Coat, 2-D). The first solvent system was chloroform:meth-
anol:28% ammonium hydroxide, 70:25:5.5 and the second
chloroform:acetone:methanol:acetic acid:water, 30:40:10:10:5.
After development, TLC plates were sprayed with 6-p-toluidino-
2-naphthalene sulfonic acid [3] and the identity of lipid spots was
confinned by co-migration with standards (obtained from
Supelco). In addition, the location of phospholipid spots was
verified by autoradiography of samples from cells that had been
prelabelled overnight with 11.5 Ci/8 ml of 32P (NEN,
orthophosphoric acid, carrier-free). The spots visualized by
autoradiography corresponded to the location of standards.
Studies on cells labelled with lipid precursors
3H-arachidonic acid (NEN, 90-95 Ci/mmole) and '4C-stearic
acid (NEN, 50 to 56 mCi/mmole) were added to confluent cell
cultures for 18 hr. We found that uptake of these labels
plateaued by 15 hr and thus, experiments were performed alter
this time. At the beginning of an experiment, unesterified fatty
acid was less than 0.5% of the total label in lipids. Following
lipid extraction and separation as above, spots were scraped
into 10 ml of Beckman Ready-Solv EP for scintillation counting.
A counter (Tracor 6895, Tracor Analytic, Elk Grove, Illinois,
USA) was programmed to report data as DPM after correction
for carryover. There was less than 10% carryover of '4C into the
3H channel with 35 to 40% efficiency for 3H and 70 to 75% for
14C. Data were then expressed as DPM/mg protein as deter-
mined by the method of Lowry et a! [4].
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in the presence of label. Lipid extraction and TLC were done as
described above.
Studies of lipid mass
The mass of phospholipids separated by two-dimensional
TLC as described above was determined following perchloric
acid digestion of the gel scraped from TLC plates and phos-
phate measurement according to the method of Rouser,
Siakotos, and Fleischer [5]. Data were expressed as micro-
grams of lipid phosphorus per milligram of protein. The mass of
unesterified fatty acids was determined by gas chromatography.
For this purpose, heptadecanoic acid was added to the lipid
extract as internal standard; neutral lipids were separated from
phospholipids on silicic acid columns and further separated by
TLC on silica gel H plates as described. Lipid spots were
visualized under ultraviolet light after the plates were sprayed
with 0.2% dichiorofluorescein in ethanol. Unesterified fatty
acids were methylated with 14% boron trifluoride in methanol at
70 to 75°C for 5 mm, extracted twice with petroleum ether, and
evaporated under N2. The fatty acid methyl esters were reçon-
stituted in heptane and quantified by gas liquid chromatography
in a gas chromatograph (Hewlett-Packard 5700, Palo Alto,
California, USA), using a 6 foot x 2 mm glass column with 10%
SP-2330 on 100/120 chromosorb WAW (Supelco, Inc.) Fatty
acids were identified by retention times using standards and
verified by mass spectroscopy (courtesy of Dr. S. Weintraub,
University of Texas Health Science Center at San Antonio, San
Antonio, Texas, USA, UTHSCSA). The fatty acids quantified
included: palmitic (16:0), stearic (18:0), oleic (18:1), linoleic
(18:2), and arachidonic (20:4) acids. Other fatty acids consti-
tuted only minor proportions of the total and could not be
measured with accuracy. Recoveries of fatty acids were at least
90% and there were no significant differences in recoveries
between individual fatty acids.
Mercury binding to LLC-PK1 cells
Fig. 1. A: Normal LLC-PK1 cells at confluency showing the formation
of domes ("D") which appear Out of focus. (146x) B: Phase contrast
micrograph of blebs and cells seen in the plane of focus of the apical
plasma membrane. Cells were exposed to HgCl2for2O mins, (359x). C:
Cells exposed as in Fig. lB but photographed above the plane of focus
of cells. (359x). "B" indicates blebs,
In a second type of radiolabelling study, 0.4 Ci/m1 of [2-'C]
acetic acid (NEN, sodium salt, 1.8 mCi/mmole) was added to
the cultures at the time of plating. On day 5, cells were rinsed
and exposed to HgC12 and incubated in HBSS containing 0.4
/LCiiml of '4C acetic acid so that the entire experiment was done
Atomic absorption spectroscopy was used to determine the
mass of elemental mercury bound to the cells following the
protocols described above. The assays were performed by
Raba-Kistner Consultants, Inc., San Antonio, Texas, USA.
Three 100-mm culture dishes were pooled for each data point.
The experiments were done in 3.5 ml of Hank's balanced salt
solution containing 25 or 50 sg/ml HgCl2. Following continuous
exposure to 50 g/ml HgCl2, the cells were centrifuged at
x43,000g, resuspended and centrifuged again to remove un-
bound mercury. Mercury in the samples was converted to the
hydride by reaction with 2% NaBH4 in 1% NaOH using a
MHS-10 system (Perkin-Elmer, Norwalk, Connecticut, USA).
Absorption peak heights were recorded from an atomic absorp-
tion spectrophotometer (Perkin-Elmer Model 5000) utilizing a
hollow cathode mercury lamp with wavelength of 253.6 mm as
light source. Standards and sample solutions were prepared for
analysis by adding an appropriate aliquot to a 10 ml matrix of
3% HNO3 in water stabilized with 5% KMnO4. The lower limit
of detection for this technique is 0.005 g Hglml.
Mercury binding was also measured by liquid scintillation
spectrometry following exposure of the cells to 203Hg (Du Pont,
NEN Products, sp act 4.36 mCi/mg Hg) according to the same
protocols outlined above. Dishes (60-mm) of confluent cells
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Fig. 2. A: Electron micro graph of a normal LLC-PK, cell. Note tight junctions and apical microvilli (7, 140x). B: Electron micrograph of cells
exposed to HgCl2, then chasedfor3O mins. in HBSS (10,830x). Note the apical expansions of plasma membrane ("blebs")] "B" indicates blebs.
were exposed to 18.4 or 36.8 g 203Hg/ml (equivalent to 25 and above. For both atomic absorption and scintillation counting,
50 g HgCl2Iml). The cells were harvested and an aliquot parallel dishes were assayed for protein content by the method
counted in a beta counter (Tracor 6895). Following exposure to of Lowry et al [4]. We have found less than 10% dish-to-dish
50 ig/ml, the cells were centrifuged and washed as described variation in the protein content of cells plated at the same time.
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Table 1. Neutral lipids following 25 g/ml HgC1?
Time
mm HgC12
Unestenfied fatty acid Diglyceride Triglyceride
3H '4C 3H '4C 3H "C
0 366 100 976 263 3517 387 5592 532 3453 591 20568 2692
10 + 759 111" 1295 131 1323 257b 3423 423° 3487 560 21209 3179
10 — 348 58 952 238 2924 398 5243 752 3772 590 21767 3040
30 + 1211 l30' 1929 l7tP 1322 187° 3620 330 3501 640 20831 3121
30 — 337 25 761 124 2022 402 3858 496 3304 416 19031 2078
a DPMJmg protein SD; cells were labelled with 0.1 CiIml each of 3H arachidonic acid and "C stearic acid as described in Methods. HgCI2 (25
g/ml) was added for 5 mm, the cells washed, and the incubation continued for the indicated times without HgC12 (N = 4).b p < 0.001 comparing experimental and corresponding control cells.
P < 0.02 comparing experimental and corresponding control cells.
Table 2. Neutral lipids following continuous exposure to HgCl2 for 30 mm0
Unesterified fatty acid Diglyceride Triglyceride
3H 14C 3H 14C 3H '4C
+ HgCI2 3817 721 1864 747 1115 269 3123 467 3618 577 13310 908
— HgC12 452 449° 505 53b 4261 620° 4748 516b 4103 350 13347 1735
a DPM/mg protein sD; cells labelled with 0.6 tCi/m1 3H arachidonic acid and "C stearic acid as in Table 1 were continuously exposed to HgC12
(50 sgIm1) for 30 mm; N = 3.
b P < 0.05.
P < 0.01.
Arachidonic acid oxidation products
Neutral lipids from cells labeled with 3H-arachidonic acid as
described above were screened for cyclooxygenase and lip-
oxygenase metabolites by thin layer chromatography using a
system devised originally for prostaglandins [6, 7]. Unactivated
silica gel G plates were spotted and developed with the upper
phase of ethyl acetate:2,2,4-.trimethylpentane:acetic acid:water
(90:50:20:100, V:V:V:V). In this system, triglycerides are at the
solvent front, diglycerides and fatty acids migrate with high RI
values (0.91, 0.87), and arachidonic acid metabolites occupy the
region between the origin and free fatty acids. Regions [6, 7]
corresponding to hydroxy derivatives of arachidonic acid
(HETEs) were further identified by the migration of HETE
made from pure arachidonic acid with soybean lipoxidase by
the method of Hamberg and Samuelsson [8]. "HETE" zones
and areas where prostaglandins may be expected to migrate
were scraped from control and experimental plates and counted
by scintillation spectrometry. The presence of malondialde-
hyde, a stable metabolite of lipid peroxidation, was tested in the
incubation media of control and injured cells using the
thiobarbituric acid (TBA) method [9]. Hepatic microsomes
were used as a positive control for generation of malondialde-
hyde. The TBA reagent, malondialdehyde standards, and he-
patic microsomes were courtesy of Dr. R. Burk (UTHSCSA).
Measurements were done at 3 and 180 mm following HgC12
exposure.
Addition of exogenous lipids
To test the possible injurious effects of unesterified fatty acids
and lysophospholipids in LLC-PK1 cells, confluent as well as
subconfluent (24 hr after plating) cultures were exposed to these
lipids under defined conditions. The fatty acids (palmitic,
stearic, oleic, linoleic, and arachidonic, purchased from Sigma
Chemical Co., St. Louis, Missouri, USA) were used as their
sodium salts, prepared by titration with 0.1N NaOH in 1:4
alcohollwater. The unsaturated fatty acids were kept sealed
under N2 before use. Fatty acid salts were added to the medium
(HBSS) immediately after preparation to achieve concentra-
tions of 165 or 33 LM. Final concentration of ethanol in medium
was less than 0.5%. Cells were exposed at 37°C to fatty acids in
media prepared without added calcium because the presence of
calcium ions resulted in the formation of precipitates of the
calcium salts of fatty acids. Controls were cells exposed to
media, with or without added calcium, containing 0.5% ethanol.
LPC and LPE (Supelco) were stored under N2 as a stock
solution in chloroform:methanol (1:1). They were dried down
and prepared for use by sonication in medium, either with or
without added calcium according to Colard, Breton, and
Bereziat [10] at final concentrations of 400, 165 or 33 /.LM.
Controls were cells exposed to medium alone with or without
added calcium.
To assess how much of the exogenous arachidonic acid
entered the cells, 0.6 Ci of 14C-labelled arachidonic acid (sp
act 54.5 mCi/mmole) was added to each milliliter of experimen-
tal medium containing 165 M unlabelled arachidonic acid.
Confluent cells in 35-mm dishes were incubated at 37°C using 1
ml of medium for 10 or 30 mm, carefully rinsed, and extracted
as described above. From the known specific activity of the
exogenous arachidonic acid, it was possible to calculate the
amount of exogenous fatty acid which entered the cells.
Morphological techniques
Cells were visualized by phase contrast using a lox objective
at a final magnification of lOOx in an inverted photomicroscope
(Zeiss, Carl Zeiss, Thornwood, New York, USA). Viability was
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Table 3. Phospholipids following 25 gJml HgCl2a
Phosphatidic acid Phosphatidylserine Phosphatidylinositol Sphingomyelin
Time HgCl2 3H '4C 3H "C 3H "C 3H "C
0 434 121 174 26 4891 148 6044 235 8702 1678 5265 1356 2263 165 5187 735
30' + 454 59 205 49 5017 795 6048 1044 10403 1446 7116 1099 2309 197 5365 636
30' — 459 66 225 49 4389 601 5152 957 7354 2064 5094 1141 2048 377 4736 719
a DPM/mg protein sD; cells prelabelled with 0.1 .tCiImI each of 3H-arachidonic acid and '4C stearic acid as described in Methods were exposed
to HgC12 as in Table 1 (N = 4). When time 0 controls were compared to 30-mm controls, there were no significant differences in the content of
label.
b p.< Ø4
P < 0.05.
Table 4. Phospholipids following continuous exposure to HgCI2 for 30 mina
Phosphatidic acid Phosphatidylserine Phosphatidylinositol Sphingomyelin
3H '4C 3H '4C 3H '4C H "'C
+ Hg 884 266 865 215 5136 1744 8223 1453 35420 6537 17459 1623 3220 400 6858 1154
— Hg 1033 186 905 243 5144 1755 7334 1635 28756 4446 14402 1992 3507 1992 8422 785
NS NS NS NS NS NS NS NS
a DPM/mg protein SD; cells prelabelled with 0.6 iCi/ml 3H arachidonic acid and '4C stearic acid as described in Methods were continuously
exposed to 50 gJm1 of HgC12 for 30 mm (N = 3).
estimated by the ability of cells to exclude the vital dye Nigrosin
(5 g/m1). Estimates of cell viability were performed on three or
four separate dishes for each lipid studied. The percent of
Nigrosin-positive cells was determined by counting cells in five
separate fields from each dish. For electron microscopy,
monolayers were fixed with 2.5% glutaraldehyde in 0.1 M
sodium cacodylate-HC1 buffer, postfixed in 2% osmium
tetroxide and further prepared by standard techniques for
examination in an electron microscope (Philips 301, Mawah,
New Jersey, USA).
Statistical analysis
Data were analyzed by one-way analysis of variance using
the Newman-Keuls test for differences between groups. Where
appropriate, Student's t test was also used.
Results
Morphology
Exposure to HgC12 resulted in the formation of vesicular
structures ("blebs") at the apical plasma membrane (Figs. 1A
and B). Detached blebs could also be seen above the cells (Fig.
1C). Ultrastructural examination (Figs. 2A and B) showed these
blebs to be membrane-bound and free of larger cell organelles.
Blebs formed within minutes and reached maximum levels
within 10 to 15 mm using either of two protocols of exposure to
mercury (see Methods). With time, the injury was progressive
and by 30 mm, many of the cells detached from the substrate,
precluding accurate evaluation of viability using dye exclusion
techniques. By electron microscopy, at 30 mm, most of the cells
treated with mercury by either of the two protocols of exposure
showed features of irreversible cell injury [11].
Radiolabelling studies
Cells labelled for 18 hr with 3H arachidonic acid and '4C
stearic acid were rinsed and treated for 5 mm with 25 g/ml of
HgC12. Cells were then washed and the incubation continued in
HBSS without HgCl2. Following lipid extraction, the samples
were divided for analysis of neutral lipids and phospholipids as
described in Methods. Table 1 shows data for unesterified fatty
acids, diglyceride, and triglyceride. The 3H label in unesterified
fatty acids was increased by 10 mm, and both '4C and 3H labels
were increased after 30 mm of incubation.
Both 3H and '4C counts in diglyceride declined over the
30-mm experimental time period in control cells, HgC12 (25
jsglml) accelerated the decline of 3H counts seen at both 10 and
30 mm (Table 1). The label in triglyceride was unchanged by
HgC12. Qualitatively similar results were obtained when la-
belled cells were continuously exposed for 30 mm to 50 g/ml of
HgC12 as shown in Table 2. However, the decline of both 14C
and 3H counts from diglyceride was significant. As the data
show, increments of label in unesterified fatty acids were
greater in these more severely injured cells.
Results from analysis of phospholipids from cells treated with
mercury for 5 mm and incubated without the toxin for 30 mm
are shown in Table 3. Significant differences between experi-
mental and control cells were seen only in LPE and LPC, both
of which showed increased content of label in cells treated with
HgCl2. Cells treated continuously with 50 g/ml HgCI2 showed
large increases in the content of 3H in LPC and LPE with
corresponding declines in phosphatidylcholine and phosphati-
dylethanolamine (Table 4). Results for '4C were similar but did
not reach significance for LPC.
Cells labelled to steady state with '4C acetate were used to
confirm the increased content of label in free fatty acids seen
following HgCl2 treatment of cells prelabelled with 3H arachi-
donic acid and '4C stearic acid. Our reasoning was that the '4C
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Table 3. Continued
Lysophosphatidyicholine Lysophosphatidylethanolamine Phosphatidyicholine Phosphatidylethanolamine
Time HgC12 3H 3H "C 3H '4C 3H "C
0
30'
30'
886 169 666 66
÷ 1488 310" 1013 267b
— 603 111 467 118
413 125 225 84
1034 275k' 494 187C
442 86 232 85
26959 3261 27948 3159
29197 3695 30990 4428
24417 3330 25274 3330
26361 2355 6963 658
16515 3050 7517 772
24575 3045 6578 928
Table 4. Continued
Phosphatidyicholine Phosphatidylethanolamine
Lysophosphati-
dyicholine
Lysophosphatidyl-
ethanolamine
'4C '4C "C 3H "C
+ Hg
— Hg
38619 4053 40959 1649
47897 3723 47683 3807
P < 0.05 P < 0.05
47095 12456 16154 2702
78512 8595 19652 2188
P< 0.05 P < 0.05
1990 904 459 180
469 231 297 125
P < 0.05 NS
19704 5670 980 161
1203 381 272 115
P < 0.01 P < 0.01
Table 5. Neutral lipids in cells labelled with '4C acetatea
Time HgC12 Diglyceride Fatty acid Triglyceride
0 5574 234 448 38 9018 640
10' + 4458 184b 961 56b 8521 309
10' — 6549 368 568 9 8980 781
30' + 4536 295 1899 250" 8426 453"
30' — 7256 724 556 66 10670 801
a DPM/mg protein SD; cells were labelled from the day of plating
with "C acetate (0.4 j.tCi/ml), Four days after plating, cells were
exposed to HgCl2 (25 gIml) for 5 mm and then exposed to toxin free
medium for 30 mm. The entire experiment was done in the presence of
the same concentration of "C-acetate label in the medium as was used
for the steady-state labelling (N = 4).
b p < 0.001 when comparing treated cells to corresponding controls.
acetate should label all lipids and their precursors to equilibrium
and thus circumvent any potential artifacts resulting from
labelling of isolated pools of phospholipids by the fatty acids.
Using cells which had been exposed for S mm to mercury and
followed in toxin-free medium (containing '4C acetate) for 30
mm, we found an increased content of '4C label in free fatty acid
at both 10 and 30 mm (Table 5). The label in diglyceride was
decreased at both time points as seen above in cells prelabelled
with fatty acids.
Lipid mass
Fatty acids in injured cells by gas chromatography. Table 6
shows the content of palmitic, stearic, oleic, linoleic, and
arachidonic acids in cells continuously exposed to 50 ,ag
HgCl2/ml for 30 mm. The results show that there were substan-
tial increases in the mass of both arachidonic and stearic acids
in cells injured by HgCl2. This confirmed the radiolabelling
studies shown above.
Phospholipid mass
Tables 7 and 8 show the effects of HgCl2 on phospholipid
mass. Treatment of cells by both protocols of exposure to
mercury (5 mm or 30 mm) resulted in significant increases in
LPC and LPE. In the more severely injured cells, the changes
were greater and included a significant decline in the mass of
phosphatidylethanolamine. There was a small but significant
increase in phosphatidylinositol.
Binding of 203Hg and HgCI2 to LLC-PK cells. Cells exposed
to 18.5 g 203Hg (equivalent to 25 jg/ml HgC12) for 5 mm, rinsed
free of 203Hg and incubated for 30 mm had 26.0 1.2 nmoles
Hg203 bound/mg cell protein (N = 4). When binding was
determined immediately after the 5-mm exposure, 27.4 3.8
nmoles 203Hg/mg cell protein (N = 4) was bound. Continuous
exposure of cells to 37 g/ml 203Hg (equivalent to 50 g/m1
HgCl2) for 30 mm resulted in 53.8 1.6 nmoles 203Hg/mg cell
protein bound (N = 4).
The mass of HgC12 bound to the cells was determined by
atomic absorption spectroscopy. Cells chased in HgCl2-free
medium for 30 mm following a 5-mm exposure to 25 g/ml
HgCL2 showed 17 and 32 mmoles HgCl2 bound/mg cell protein in
two experiments, respectively. Five minutes of exposure to 25
sg/ml HgCl2 resulted in 30 nmoles HgCl2 bound/mg cell protein
in two experiments, while a continuous exposure to 50 tg/ml
HgCl2 for 30 mm resulted in 49 and 48 nmoles HgCl2 bound/mg
protein, respectively.
Addition of exogenous lipids to LLC-PK1 cells. Exogenous
unsaturated free fatty acids and lysophospholipids were both
toxic to LLC-PK1 cells as shown by increased nuclear staining
with the vital dye Nigrosin. We noted that confluent cultures
were relatively resistant to the effects of exogenous lipids
compared to nonconfluent cultures. The addition of 33 M
arachidonic, oleic, or linoleic acid to nonconfluent cultures for
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Table 6. Unestenfied fatty acids in cells and medium analyzed by gas chromatography°
16:0 18:0 18:1 18:2 20:4
Control 1.365
0.99
0.88
0.88
0.73
0.85
4.19
2.08
2.32
1.55
0,2
0.25
0.002
0.06
ND
Mean 1.08 0.254 0.82 0.08 2.86 1.16 0.67 0.77 0.027
HgCI2 1.39
1.23
1.14
0.90
1.07
1.02
1.07
0.87
2.77
3.27
2.25
2.09
0.21
1.04
0.09
0.101
0.67
0.86
1.02
0.59
Mean 1.17 0.21 1.01 0.l0' 2.60 0.54 0.36 0.46 0.79 0.19c
Abbreviations: 16:0—palmjtic acid; 18:0—stearic acid; 18: 1—oleic acid; 18:2—linoleic acid; 20:4—arachidonic acid; ND—not detectable.
a Each value is the result of experiments done on 6 to 8 pooled 100-mm culture dishes. Cells were continuously exposed to HgCI2 (50 g/m1) for
30 mm. Data are expressed as micrograms of fatty acid/dish.
P < 0.05.
P < 0.01.
Table 7. Phospholipid phosphorus following 25 g/ml HgCl2°
Time HgC12
Phosphatidic
acid
Phosphati-
dylserine
Phosphatidyl-
inositol
Sphingo-
myelin
Phosphati-
dyicholine
Phosphatidyl-
ethanolamine
Lysophospha-
tidylcholine
Lysophosphatidyl-
ethanolamine
0 5.63 1.04 56.4 16 42.2 6.15 154 42 475 105 173 34 6.7 1.7 1.98 0.37
30' + 5.83 0.76 58.9 7.2 64.7 5.0 166 13 578 35 200 20 11.4 2.0* 5.33 1,7*
30' — 4.5 0.80
NS
58.5 13.4
NS
55.4 7.7
NS
180 27
NS
569 60
NS
216 61
NS
5.1 0.8
*p < 0.001
3.33 0.42
* < 0.02
a Cells were exposed to HgCI2 as in Table 1. Lipid phosphorus was determined as described in Methods, (N = 4) and is expressed as g
phosphorus/mg protein SD. When time 0 controls were compared to 30-mm controls, only P1 showed a significant change by increasing (P <
0.02).
Table 8. Phospholipid phosphorus following continuous exposure to HgCl2 for 30 min°
HgC12
Phosphatidic
acid
Phosphati-
dylserine
Phosphatidyl-
inositol
Sphingo-
myelin
Phosphati-
dyicholine
Phosphatidyl-
ethanolamine
Lysophospha-
tidylcholine
Lysophosphatidyl-
ethanolamine
+ 5.9 1.4 68.5 10.0 72,4 0.8 123 28 401 24 158 14 15.2 1.6 41.6 9.2
— 4.6 0.5 53.6 11.3 63.3 5.0 144 22 416 74 212 36 5.1 1.7 2.5 0.5
NS NS P < 0.02 NS NS P < 0.05 P < 0.01 P < 0.01
a g P/mg protein sD; cells were exposed to HgCl2 (50 tg/ml) continuously for 30 mm and lipid phosphorus analyzed as in Table 7, (N = 4).
30 mm at 37°C caused plasma membrane blebbing (Fig, 3C) and
100% loss of cell viability (N = 3). In contrast, cells treated with
saturated fatty acids (palmitic and stearic acids) were unaf-
fected (0% Nigrosin staining, N = 3). Control cells also showed
0% Nigrosin staining. As noted above, confluent cultures were
not affected by the addition of exogenous lipids. The one
exception to this was 165 tM arachidonic acid which caused
patchy necrosis and partial detachment of the monolayer after a
30-mm incubation. This was not possible to quantitate by cell
counting because of cell detachment and because the cells that
were Nigrosin positive occurred in clusters around disrupted
domes or breaks in the monolayer. When a known tracer
amount of 14C arachidonic acid was added to the cold 165 M
exogenous arachidonic acid, 14 and 11% of the added fatty acid
was present as unesterified fatty acid at 10 and 30 mm,
respectively.
Lysophospholipids, LPE and LPC, were also added to
nonconfluent cultured cells. We found that 165 M LPC caused
100% loss of cell viability after 10 mm exposure at 37°C (Figs.
3A and B) (N = 3). Longer exposure times caused the dead cells
to detach and float away into the medium. A lower dosage of
LPC (33 M) caused 57 2% cell death (N = 3). LPE was less
toxic to the cells and consistent cell death was observed only at
a higher dosage (400 M) than for LPC. Thus, after a 10-mm
treatment with 400 LM LPE, 37 5% of the cells showed an
uptake of Nigrosin (N 3). In contrast to the above data,
controls exposed to medium alone showed 0% nonviable cells
(N = 3).
As noted in Methods, the addition of calcium to the medium
containing the free fatty acids resulted in the formation of
precipitates on the monolayer; we were thus unable to study
any potential influence of extracellular calcium on fatty acid
induced injury. The toxic effects of lysophospholipids were not
influenced by medium calcium concentration.
Arachidonic acid oxidation products. Malondialdehyde was
not detectable in the medium following injury by mercuric
chloride. Lipoxygenase metabolites were examined in cells
prelabelled with 3H-arachidonic acid. Zones in TLC plates
corresponding to oxidation products of arachidonic acid
(hydroxy derivatives of 20:4, HETE) did not reveal any differ-
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Fig. 3. A: Nonconfluent cells prior to treatment with LPC (150x). B:
Cells stained with Nigrosin after 10' of exposure 10165 MLPC (150x).
C: Bleb formation in cells treated with 165 M arachidonic acid. Arrows
indicate blebs (266X).
ences in radioactivity between lipid extracts from mercuric
chloride injured and control cells.
Discussion
Our data show major changes in phospholipids of LLC-PK1
cells exposed to mercuric chloride. Both radiolabelling tech-
niques and the determination of mass by lipid phosphorus
showed large increases in LPC and LPE following exposure to
25 g/ml of mercuric chloride. In addition to these changes, the
larger dose of mercuric chloride was associated with declines of
phosphatidyicholine and phosphatidylethanolamine (Table 4),
radiolabelling studies) and a decline of mass in phosphatidyleth-
anolamine (Table 8, lipid phosphorus). Mercuric chloride also
increased the content of label in unesterified fatty acids. This
was seen using '4C stearic acid, 3H arachidonic acid, and 14C
acetate to label cellular lipids. The '4C acetate was added to
cells at the day of plating and was present throughout the
treatment with mercuric chloride. By gas chromatography, we
confirmed that these increases in labelled unesterified fatty
acids (collected as one spot from the TLC) were accompanied
by an increased mass of fatty acids (Table 6). The declines of
phospholipids and corresponding increases of lysophospholi-
pids following mercuric chloride could be due to either dimin-
ished reacylation or increased deacylation (by phospholipases)
of fatty acids. Thus, mercuric chloride could lead to the
accumulation of unesterified fatty acids either by blocking
reacylation of fatty acids or by stimulating phospholipases. It
has been suggested that mercury acts as a calcium-mimetic
agent to stimulate phospholipase activity and thereby promotes
deacylation [12]. On the other hand, esterification of fatty acids
by synthetases or transacylases would require both functional
enzymes and energy. Interaction of mercury with the respon-
sible enzymes could block reacylation [131. In addition, mito-
chondrial energy depletion due to mercuric chloride [14, 15]
could also account for the loss of reacylation and accumulation
of unesterified fatty acids. Regardless of the mechanism, our
data indicate accumulation of both lysophospholipids and
unestenfied fatty acids following treatment of LLC-PK1 cells
with mercuric chloride.
Previous studies suggest that both lysophospholipids and
fatty acids are toxic to cells. For example, the accumulation of
lysophospholipids following myocardial ischemia has been im-
plicated in causing electrophysiological changes [161. Lysophos-
pholipids also cause lysis of erythrocyte membranes [17]. Fatty
acids cause cell death in primary cultures of proximal tubule
cells [18]. The detergent-like actions of fatty acids on biological
membranes may be responsible for this toxicity [19] by altering
the properties of cell membranes and the function of membrane-
associated proteins [20—22]. Cellular ATP levels also decline
following exposure to fatty acids [231, a finding which could be
related to the uncoupling of oxidative phosphorylation by fatty
acids [23, 241. In view of these considerations we added several
unsaturated fatty acids and two saturated fatty acids to LLC-
PK1 cells. The unsaturated fatty acids all resulted in cell death
when added to nonconfluent cells with arachidonic acid being
the most toxic. By contrast, saturated fatty acids had no effect.
Exogenous LPC and LPE were also toxic when added to
nonconfluent cultured cells. Taken together with our results
showing increased amounts of free fatty acids and lysophos-
pholipids in mercuric chloride treated cells, these findings with
exogenously added fatty acids and lysophospholipids suggest
that these lipids may play a role in mercuric chloride-induced
injury of cultured LLC-PK1 cells. The greater susceptibility of
nonconfluent versus confluent cells to injury by exogenous
lipids is an interesting but unexplained finding. Alternatively, or
in addition, disintegration of membranes due to loss of
phospholipids may play a role.
We also considered whether the generation of fatty acid
metabolites could be one possible mechanism responsible for
injury in our studies. For example, arachidonic acid (either
added exogenously or generated endogenously) could be con-
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veiled to potentially toxic metabolites [25]. However, we were
unable to detect lipoxygenase metabolites or malondialdehyde,
an end product of lipid peroxidation (see Results). Furthermore,
LLC-PK1 cells lack cyclooxygenase [261 and thus do not
metabolize arachidonic acid to prostaglandins. These consider-
ations suggest that these arachidonic acid metabolites do not
play a significant role in mercuric chloride injury of LLC-PK1
cells.
In summary, the accumulation of lysophospholipids and
unesterified fatty acids may play a role in the pathogenesis of
mercuric chloride-induced injury in cultured LLC-PK1 cells.
Further studies will be necessary to determine whether these
findings in cultured cells are relevant to mercuric chloride
toxicity in other systems.
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